Abstract: Bone scintigraphy, although quite sensitive to detect skeletal lesions, has a comparatively low specificity. Hybrid-cameras combining single-photon emission computed tomography (SPECT) and spiral-CT offer the opportunity to correlate scintigraphic information with high-quality visualization of morphology in one session. This may lead to an improvement in diagnostic accuracy and anatomic lesion localization. We present 11 patients, who underwent SPECT/CT of the feet (n=10) and hands (n = 1). The examinations were performed due to pain in foot or hand with the following suspected clinical diagnoses: arthrosis (n=1); fracture (n=3); osteomyelitis (n=4); reflex dystrophia (n=1); and, pain of unclear origin (n=2). All patients underwent SPECT/CT hybrid imaging using a dual-headed SPECT camera integrated with a 2-slice spiral CT scanner in one gantry. SPECT, CT, and SPECT/CT were evaluated independently from each other with respect to main diagnosis, anatomic lesion localization, and detection of a possible additional diagnosis. SPECT/CT improved lesion localization in 8 of 11 patients (73%) in comparison to SPECT alone, and in 4 of 11 patients (36%) in comparison to CT alone. Diagnostic accuracy was improved in 4 of 11 patients (36%) in comparison to either SPECT or CT alone. In conclusion, skeletal SPECT/CT improves diagnostic accuracy and lesion localization of orthopedic disorders in the feet and hands. The obtained results encouraged extensive studies to further investigate the potential gain in diagnostic accuracy brought about by SPECT/spiral-CT hybrid imaging in orthopedic disorders of the peripheral extremities.
Introduction
Bone scintigraphy is an effective tool for the diagnosis of orthopedic disorders, showing changes in bone metabolism before morphologic changes can be detected by radiologic imaging modalities. Several reports emphasize the high sensitivity of bone scintigraphy [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . However, it is also well known that the specificity of bone scintigraphy is quite low due to the lack of anatomic information, especially in the peripheral extremities, although pinhole SPECT may improve the diagnostic accuracy of imaging the peripheral extremities [12] .
In cases of focally enhanced Tc-99m-dicarboxypropane diphosphonate (Tc-99m-DPD) uptake, additional radiological procedures are usually recommended in order to improve specificity [13] . As a first step, planar radiographs are performed [13] . If these show clearcut signs of special disorders, it is concluded that these are the reasons for the scintigraphic abnormalities. Often the planar X-ray images do not show the pathology due to overlying artifacts, then further imaging modalities like x-ray computerized tomography (CT) or magnetic resonance imaging (MRI) may be helpful [13] . Nuclear medicine and radiologic procedures are usually performed in different departments. As a consequence, this adds to the time required for the completion of each procedure. Thus, there is a chain reaction. The more time consuming it is to reach a diagnosis, the greater the delay to provide the necessary therapeutic measures. This time delay causes a considerable amount of mental and/or physical stress to patients, especially to those in obvious pain.
Already for some years, a hybrid camera combining a dual-headed SPECT camera with a low-dose non-diagnostic CT has been commercially available. The clinical impact of SPECT/low-dose CT has been investigated in tumors, but as yet not in orthopedic illness [14] [15] [16] [17] [18] [19] [20] [21] .
The now introduced hybrid-cameras combining single-photon emission computed tomography (SPECT) and spiral-CT are unique since they offer the opportunity to perform a diagnostically sufficient CT of scintigraphically suspicious lesions in one session. First publications have demonstrated their clinical utility, in particular for staging malignant disease with skeletal scintigraphy [22] [23] [24] [25] . Furthermore, a case report has demonstrated the possible benefit brought about by SPECT/ spiral-CT hybrid imaging in patients with hip prostheses [26] .
For this study, we report eleven patients to whom this technological setup allowed a considerable improvement in morphologic localization and accurate diagnosis in scintigraphically unclear lesions of the foot (n=10) and hand (n=1).
Statistical methods and Experimental Procedures
The design of the described study was retrospective. An explorative database search for patients with orthopedic disorders of the peripheral extremities (feet and hands) who were imaged with SPECT/CT from March 2005 to July 2006 yielded 11 patients (2 male, 9 female). The mean age of the patients studied was 48 years ± 18.5 (range 28 -77 years).
These patients were suffering from pain in the feet (n=10) or hand (n=1) with suspected (clinical) diagnosis of arthrosis (n=1), fracture (n=3), osteomyelitis (n=4), reflex dystrophia (n=1), and pain of unclear origin (n=2) ( Tables 1, 2 ). All patients had indeterminate findings on planar x-ray-examinations (e.g. pain without an adequate counterpart in the plain radiography or symptoms of inflammation without a destructive lytic lesion or a periostal reaction), therefore 3-phase skeletal scintigraphy was requested. SPECTguided CT (SPECT/CT) was performed due to indeterminate findings on SPECT images. SPECT/CT was part of the routine diagnostic work flow in our department for all of these patients. The patient data used for the described retrospective analysis had been acquired solely for clinical and not for scientific reasons. Therefore, no ethical approval was necessary for this study. All patients received 500-650 MBq of Tc-99m-DPD intravenously (mean: 553 MBq). The examination was performed as a 3-phase-scintigraphy with a dynamic scintigraphy immediately after the injection until 1 min p.i. (60 images, radionuclide angiography) and five static images (30 sec) until 6 min p.i. ( "bloodpool"-images), as described by Kat et al. [27] . Three hours after injection planar whole-body scintigraphies and dedicated planar scintigraphies of feet and hands were performed using a dual-headed planar gammacamera (Ecam; Siemens Medical Solutions, Erlangen, Germany).
SPECT/CT examinations where performed using a dual-head gamma-camera in conjunction with a two-slice spiral-CT installed within the same gantry (Symbia T2, Siemens Medical Solutions, Erlangen, Germany). The specifications of the gamma-camera heads were those of the now for several years commercially available dual-head gamma camera ecam (Siemens Medical Solutions, Erlangen, Germany).
The details of SPECT/CT data acquisition and reconstruction were the following [22] [23] [24] : Counts from the 15% energy windows at 140 keV were acquired into a 128×128 matrix (pixel size 4.6×4.6 mm). A total of 64 frames, each of duration of 30 seconds, were acquired over 360
• . The field of view of the emission tomographic detectors was 53.3×38.7
cm, the crystal sizes where 59.1×44.5 cm with a thickness of 9.5 mm (3/8 inches). The intrinsic spatial resolution was ≥ 3.8 mm in the center of the field of view (CFOV). The intrinsic energy resolution was ≥ 9.9% full-width at half-maximum (FWHM). The camera heads were equipped with a high resolution, low energy parallel-hole collimator (LEHR). Raw SPECT data were reconstructed into transaxial slices using the e.soft reconstruction software. Since SPECT and CT data were optimally registered, the Hounsfield unit values could be easily used for the calculation of attenuation coefficients and attenuationcorrected images were reconstructed as described recently by our group [25] . Reconstruction was performed iteratively by using the ordered subsets expectation maximization (OSEM 3D) technique with 4 iterations and 8 subsets [28] . Images were smoothed with a 3D spatial Gaussian filter (FWHM 10 mm).
The CT-component of the Symbia T2 is a dual-detector helical CT-scanner (SOMATOM Emotion duo; Siemens Medical Solutions, Erlangen, Germany) with a minimal gantry rotation-time of 800 msec. The CT scan was done as low-dose CT restricted to the feet or hands with the following scan parameters: 130 kV; 17mAs; rotation time 0.8 seconds; collimation 2×1 mm. Image reconstruction resulted in images with a slice thickness of 1 mm using a 0.5 mm reconstruction increment. Both the SPECT and the CT scans were performed consecutively with the patient lying stable in supine position.
The quality of fusion between SPECT and spiral-CT was visually evaluated in all patients. In none of the cases studied a misregistration by more than one pixel corresponding to 4 mm was detected [24] .
Data Analysis
As published previously [22] [23] [24] [25] [26] , CT and SPECT data were transferred in DICOM format to a viewing station (Syngo, Siemens Medical Solutions, Erlangen, Germany). The slice thickness of the CT images was 1 mm, the increment 0.5 mm. The CT scans were displayed at bone window settings (level, 500 HU; width, 2000 HU). The color scale of the SPECT scans could be manipulated by the reader. Subsequently, the SPECT/CT data were assessed by a physician board-certified in both radiology and nuclear medicine [R.L.=observer1 (O1)], using a commercially available 3D volume fusion tool (Syngo advanced Fusion VC20H, Siemens Medical Solutions, Erlangen, Germany). This tool allows sub-voxel 3D rigid-body transformations with six degrees of freedom, three translations and three rotations. Reading was done in 3D-mode with the ability to change the ratio of CT and SPECT in the fused images on %-scales. A second observer (O2; M.G.), board-certified in radiology, evaluated the CT data alone; a third observer (O3; T.K.), board-certified in nuclear medicine, evaluated the SPECT data alone. The evaluation was performed with respect to anatomical lesion localization, determination of the main diagnosis, and detection of a possible additional diagnosis. All observers were informed about the suspected clinical diagnosis and were allowed to view the planar scintigraphies (dynamic phase and static images). Definite diagnosis was defined as the diagnosis reached when reviewing all clinical and imaging information available, including SPECT/CT.
Results
Figures 1 and 2 provide typical examples of the patients studied.
The results obtained for lesion localization are given in Table 1 . Lesion localization by clinical examination proved correct in two of the eleven cases and was grossly exact in another six subjects. In these, clinical examination was, however, not able to exactly localize the pathological process in a particular bone. In the remaining three patients, localization by clinical means alone was incorrect. CT localization was false or unclear in four patients, SPECT localization in eight. Three of seven clear-cut lesions identified by CT were correctly localized by SPECT. Table 2 lists the main diagnoses determined by clinical examination/planar radiographs, CT alone, SPECT alone, and SPECT/CT. Compared to definite diagnosis, SPECT/CT proved correct in all cases and led to a change in clinical diagnosis in seven of eleven cases (64%). CT alone was misleading or unclear in four (36%), SPECT alone also in four subjects (36%). Osteomyelitis was overdiagnosed by clinical examination and planar radiographs as well as by SPECT in two subjects each. CT failed to detect one of the cases of osteomyelitis. Arthrosis was underdiagnosed by clinical examination and planar radiographs in three of four cases. CT was false-positive for arthrosis in two cases and true-positive in the four cases actually present in the study cohort.
In two cases of pain of unclear origin, SPECT/CT found activated bone metabolism of the third metatarsal bone without CT signs of fracture after traumatic injury, which was interpreted as microfractures, and in the second case, an enchondroma of the cuboidal bone was detected by CT, but not by SPECT.
Clinical examination was misleading in two, CT in two, and SPECT in none of the three remaining patients with fractures (n=2) and insertional tendinosis (n=1).
With SPECT/CT, additional diagnoses were found in four of the eleven cases, i.e., osteochondrosis, old fractures and hallux valgus. 
Discussion
Bone scintigraphy of the peripheral extremities is an excellent tool to detect orthopedic disorders [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [29] [30] [31] . However, the evidence on the value of hybrid imaging of the peripheral extremities is scarce. To the best of our knowledge, this is the first report on the utility of skeletal SPECT/spiral-CT hybrid imaging to diagnose orthopedic disorders of the foot.
Due to limitations in spatial resolution, lesion localization is inaccurate with skeletal SPECT as evidenced by the failure of this technique to exactly ascribe the region of pathologically increased DPD uptake to the correct bone in seven of the eleven patients reported herein.
A possible drawback of this observation may be the inaccuracies in SPECT/CT registration, e.g., caused by patient movements between the two consecutive examinations. We therefore visually checked all paired datasets for misalignment before their evaluation and found a near-perfect data match in our small group of patients. This agrees with data published recently for the accuracy of skeletal SPECT/CT hybrid imaging of the lower spine [24] .
CT failed to exactly localize the culprit lesion in four of the eleven patients studied. At first view, this finding may be considered astonishing since skeletal morphology is excellently visualized by this technique. However, in these patients mislocalization was a consequence of the failure of CT to detect the metabolically active process as the prerequisite of its localization.
Compared to definite diagnosis, SPECT/CT proved correct in all patients studied and led to a change in clinical diagnosis in seven of eleven cases (64%). CT alone was misleading or unclear in four (36%), SPECT alone also in four subjects (36%).
These results agree with those from recent studies demonstrating that hardwarebased SPECT/ CT fusion improves diagnostic accuracy and subsequent management in roughly one third of patients studied compared to SPECT alone [14, 16, 18, 21, 22, 32] . In particular, Even-Sapir et al. [33] could demonstrate that skeletal SPECT/CT had significant bearing on diagnosis and further management of patients with non-oncological disease. These authors used a SPECT/CT hybrid camera equipped with a low-dose, multi-slice CT. Unfortunately, the exact localization of the osseous lesions studied in that paper is not provided. The benefit of SPECT/CT hybrid imaging lies in the possibility to combine the diagnostic advantages of both modalities yielding precisely matched images of body structure and metabolism.
Our data does not lead themselves to prove that hybrid imaging is superior to sideby-side viewing of the CT and bone-SPECT datasets as it is already being performed as part of the clinical routine in many institutions. For example, in patients with clearcut CT lesions, which has a high possibility to associate the focal increased metabolism in the SPECT, an exact hardware based SPECT/CT data match would not appear to be necessary because definite diagnosis could pobably be made without hybrid imaging. However, without an exact image fusion it is uncertain that the CT lesion (e.g. arthrosis) and the SPECT focus are congruent. Furthermore, this fact might be the most probable reason for differences in diagnosis between radionuclide and morphologic imaging. In patients without an obvious clear-cut CT abnormality, an exact SPECT/CT data match based on software-or hardware-fusion definitely helps to find subtle changes in CT leading to the final diagnosis. In these cases, it seems plausible to assume that side by side viewing is only of little benefit.
Utsunomiya et al. [34] studied this question more closely for the staging of malignant disease by skeletal scintigraphy and CT by comparing the diagnostic accuracy of sideby-side reading of unregistered datasets to that yielded by hardware-based SPECT/CT registration: on receiver operator curve (ROC) analysis, the latter procedure proved significantly superior to evaluation of the unmatched images.
Retrospective image fusion of separately acquired image datasets is another possibility to register SPECT and CT. It may be difficult to capture specific images of the feet or hands due to the physical structure of the human body. Difficulties lie in the positioning of these patients in different imaging devices. However, a study exploiting this approach for bone-SPECT and CT has, to the best of our knowledge, not yet been published.
Hybrid imaging offers processual advantages over independent data acquisition. SPECT/ spiral-CT harbors the potential, not only to improve diagnostic accuracy, but also to reduce the time required to reach a definite diagnosis. Hence, therapeutic measures may be performed at an earlier time. This is of utmost importance, particularly in fractures or osteomyelitis. Furthermore, duration of hospitalization may be shortened and additional expensive imaging procedures (i.e., MRI) may be avoided, increasing cost efficiency. At present, there is no difference in reimbursement of SPECT or SPECT/CT, therefore the costs of bone scanning are not increased by this new modality.
The present study has two major limitations. The first limitation is a missing gold standard. The final diagnoses are only based on the clinical experiences of board-certified physicians and typical image patterns. The second limitation is the relatively small number of patients included, in particular concerning to the examination of hands. In one scan of a hand ( Figure 2 ) the results obtained in SPECT/CT and CT allone respectively were equivocal, as the final diagnose of a scapoid fracture was made by CT solely. Nevertheless, the essential contribution of radionuclide imaging and SPECT was the exclusion of the clinically strongly suspected reflex dystrophia with pain in the forearm. Therefore, in this case (patient #11) only the combination of morphologic and functional imaging led to the correct diagnosis and it might be speculated that SPECT/CT may help in other unclear pain syndromes of the hand.
Our data may be taken as an illustration to a fairly plausible hypothesis and await confirmation in larger trials with clinical follow-up and/or surgery with histopathological investigation as a gold standard.
In conclusion, SPECT/CT increases sensitivity for exact lesion localization of orthopedic disorders in feet compared to SPECT or CT alone. It improves specificity of radionuclide scanning as well as morphologic imaging and may, therefore, maximize diagnostic accuracy. The obtained results encouraged extensive studies to further investigate the potential gain in diagnostic accuracy brought about by SPECT/spiral-CT hybrid imaging in orthopedic disorders of the peripheral extremities.
